An Arabidopsis thaliana cDNA (At-74) has been isolated that encoded an uncharacterized protein showing homology with members of the d-PGMase superfamily: cofactor-dependent phosphoglycerate mutases (d-PGMases) and the phosphatase domain of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases (6PF2Kase/F2, 6Pase). Preliminary phylogenetic studies indicated that At-74 cDNA and its close homologue in Arabidopsis, At-74H, belong, however, to an equally distinct group. At-74 was ubiquitously expressed in vegetative organs and induced by glucose. The At-74 cDNA was overexpressed in A. thaliana to investigate its function, but this overexpression did not result in a clear phenotype. Enzymatic assays performed on At-74-overproducing transgenic plants or E. coli cells showed no increase in either the activities of cofactordependent and -independent phosphoglycerate mutases (i-PGMases) and F2,6Pase or that of acid phosphatases. The possible role of At-74 in plant metabolism was further investigated by carbon partitioning experiments with [U- 
Introduction
Glycolysis is a central metabolic pathway, common to the vast majority of organisms (Plaxton, 1996; FothergillGillmore and Michels, 1993) . In plants, it is only part of a complex network of pathways of carbohydrate metabolism, distributed over several compartments of the cell.
Phosphoglycerate mutase (PGMase) activity is central to glycolysis, being responsible for the interconversion of two monophosphoglycerates: 3-phosphoglycerate (3PGA) and 2-phosphoglycerate (2PGA) (Fothergill-Gilmore and Watson, 1989) . In nature, two unrelated families of enzyme possess PGMase activity, the cofactor-dependent PGMases and the cofactor-independent PGMases (Jedrzejas, 2000) . The former class is dependent on the 2,3-bisphosphoglycerate (2,3BPGA) cofactor for the priming (phosphorylation) of the enzyme necessary for activity. The latter is independent of the cofactor, but absolutely dependent on the presence of divalent Mn 2+ (Singh and Setlow, 1979) or Co 2+ (Collet et al., 2001 ) metal ions for activity. In both cases, PGMase activity involves the exchange of a phospho group between a retained intermediate that undergoes enzyme-bound reorientation and protein. In the case of d-PGMases, the enzyme is phosphorylated on a His residue (Bond et al., 2001) , while in i-PGMases a serine is transiently phosphorylated (Murphy et al., 1997) . Both groups of PGMases are evolutionarily related to classes of phosphatases, acid phosphatases, and alkaline phosphatases for d-PGMases and i-PGMases, respectively (Jedrzejas, 2000) . These relationships are sometimes apparent from sequence analysis (Bazan et al., 1989) but, in other cases, only apparent after structural determinations. d-PGMases are related to narrowly specific phosphatases with which they form the 'd-PGMase superfamily'. Among these phosphatases are fructose-2,6-bisphosphatase (Okar et al., 2001 ), a-ribitol-59-phosphate phosphatase (O'Toole et al., 1994) , and mannitol-1-phosphatase (Liberator et al., 1998) . They are also related to broad specificity phosphatases (Rigden et al., 2001) and protein phosphate phosphatases (Rigden, 2003) . All members of this superfamily have a phosphohistidine signature in common. In the plant kingdom i-PGMases have been well characterized (Carreras et al., 1982; Graña et al., 1995) in contrast to d-PGMAses for which up to now very little information has been available (Carreras et al., 1982; Mazarei et al., 2003) . i-PGMases exist as monomers of 60 kDa encoded by single genes and are highly conserved, as are glycolytic enzymes in general (Fothergill-Gillmore and Michels, 1993) . Multiple i-PGMases isozymes are present in plants. Some are reported to be localized exclusively in the cytosol (Huang et al., 1993; Westram et al., 2002) while others were found in both the cytosol and plastids (Botha and Dennis, 1986a) . A third isozyme was observed in the nucleus (Wang et al., 1996) . This distribution suggests that i-PGMases might have several roles in the plant cell. In this way it has been shown that i-PGMases impairs photosynthesis and growth (Westram et al., 2002) .
After d-PGMase itself, the best-studied member of the d-PGMase superfamily is fructose-2,6-bisphosphatase (F2,6Pase), typically found with a 6-phosphofructo-2-kinase (6PF2Kase) domain in a bifunctional 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase enzyme (6PF2Kase/ F2,6Pase; EC 2.7.1.105 and EC 3.1.3.46, respectively) 6PF2Kase/F2,6Pase catalyses the synthesis and degradation of fructose-2,6-bisphosphate (F2,6P 2 ), a non-metabolite sugar phosphate only present in eukaryotic organisms (Stitt, 1990a) . The function of F2,6P 2 in the photosynthetic metabolism of plants, like spinach, which predominantly accumulate starch has been extensively studied. In these plants F2,6P 2 is involved in the regulation of sucrose synthesis with photosynthetic activity and starch synthesis. Experiments on transgenic Arabidopsis and tobacco plants confirmed that a decrease in the level of F2,6P 2 increases the flux towards sucrose, whereas an increase of this metabolite increases the flux towards starch (Draborg et al., 2001; Scott et al., 1995 Scott et al., , 2000 . In wheat, which predominantly accumulates sucrose, F2,6P 2 is also involved in the co-ordination of sucrose synthesis and photosynthesis in the source tissues. By contrast, in starch-accumulating plants F2,6P 2 does not regulate the partitioning of fixed carbon between sucrose and starch synthesis during the photoperiod (Trevanion, 2002) . The role of F2,6P 2 in the plant sink tissue has not been very well studied and remains to be clarified. Concerning the structure of 6PF2Kases/F2,6Pases in plants, it is clearly different from that found in other eukaryotes. For a long time only biochemical data and kinetics analyses were available and relied on the characterization of relatively crude enzyme preparations . In spinach, two forms of F2,6Pase were identified, a bifunctional 6PF2Kase/ F2,6Pase enzyme of about 90 kDa (Larondelle et al., 1986 ) and a monofunctional F2,6Pase which is a dimer of 33 kDa subunits (Macdonald et al., 1987 (Macdonald et al., , 1989 . However, more recently, plant cDNAs encoding bifunctional 6PF2Ka-ses/F2,6Pases have been isolated from several plants, including potato, maize, spinach, and Arabidopsis (Draborg et al., 1999; Villadsen et al., 2000; Markham and Kruger, 2002) . These plant 6PF2Kase/F2,6Pase isoforms are homotetramers of about 95 kDa subunits whereas 6PF2Kases/ F2,6Pases from other organisms form a dimer of a single subunit of about 50-100 kDa. However, like the bifunctional animal enzyme , plant 6PF2Kases/ F2,6Pases present both kinase and phosphatase activities. These activities were measured in bacteria (Draborg et al., 1999; Villadsen et al., 2000) and thus supported the presence of a bifunctional F2KPase in plants. Surprisingly, an antisense approach in Arabidopsis to reduce F2,6Pase activity showed that there is apparently no monofunctional F2,6Pase activity (Draborg et al., 2001 ). This conclusion is strengthened by the availability of the complete Arabidopsis thaliana genome sequence (Arabidopsis Genome Initiative, 2000) in which one bifunctional 6PF2Kase/F2,6Pase sequence is present and no sequence corresponding to an isolated F2,6Pase domain.
The PFAM protein domain database (Bateman et al., 2002) predicts the presence in the A. thaliana genome of about 15 possible genes, not all of which are known to be expressed, coding for proteins containing domains homologous to d-PGMases and F2,6Pases. However, as only one of these is a bifunctional 6PF2Kase/F2,6Pase, the question arises as to the function(s) of the remaining (putative) proteins? In recent years studies indicated that the spectrum of catalytic activities present in the d-PGMase superfamily is broader than initially expected (Rigden et al., 2002 and that novel activities probably remain to be discovered. In this paper, the identification of the At-74 cDNA from A. thaliana is described, which was initially annotated as coding for an unknown protein showing homology mainly with monofunctional d-PGMase and F2,6Pase. During this study, Arabidopsis genome automatic annotation revealed five more d-PGMase-like genes. However, none of these newly-annotated proteins have yet been confirmed at the enzymatic level. In silico analyses clearly indicate that At-74 and its closest homologues form a new family linked to the d-PGMase superfamily, but distinct from the annotated d-PGMase-like genes. The At-74 gene has been characterized at the transcript and protein level. Moreover, in order to assess a possible role for this gene, transgenic Arabidopsis lines overexpressing the At-74 cDNA were generated. Analysis of the plants is presented, as well as a first functional investigation of the role of At-74 in plant metabolism.
Materials and methods

Computational analysis
Searches in sequence databases were carried out using BLAST (Altschul et al., 1990 ) and sequence alignments with T-COFFEE (Notredame et al., 2000) . Manual manipulation was with JALVIEW (http://www.ebi.ac.uk/;michele/jalview). A consensus, NeighborJoining phylogenetic tree was constructed and drawn with the PHYLIP package (Felsenstein, 1989) .
Plant material and growth conditions
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col) was used for both in vivo and in vitro experiments. To select the different transgenic populations, seeds were surface-sterilized and germinated in vitro in a growth chamber on MS agar medium containing (Murashige and Skoog, 1962) Murashige and Skoog salts, 0.5 g l ÿ1 MES pH 5.7 and 0, 2, 4, 5, and 6% glucose).
Plasmid construction and Arabidopsis transformation
The At-74 cDNA was isolated in a screen for Arabidopsis cDNAs that could increase the osmotolerance in a yeast strain by overexpression (Sun et al., 2001) . However, the enhanced osmotolerance could not be reproduced in yeast. The At-74 cDNA was inserted into the Agrobacterium pGiBin19 binary vector (Bevan, 1984) under the control of a cauliflower mosaic virus (CaMV) 35S RNA promoter and a 39 nopaline synthase terminator (nos). The gus fragment in the pGiBin19-(35S)-Gus recombinant vector was removed by digestion with BamHI and SacI (blunt-ended by T4 DNA polymerase). The At-74 cDNA cloned in the pYES2 (Gibco-BRL) yeast vector was digested with BamHI and SphI (blunt-ended with T4 DNA polymerase) and subcloned into the pGiBin19-(35) binary vector between the BamHI and SacI sites. Root explant transformation of Arabidopsis wild-type Col ecotype was performed as described by Sun et al. (2001) . Analyses were carried out in the T 2 and T 3 generations.
Northern blot analysis
Total RNA was isolated as described by Verwoerd et al. (1989) or using TRizol reagent (Gibco-BRL). Equal amounts of RNA were separated by electrophoresis with 1% agarose/formaldehyde gel electrophoresis and transferred onto a Hybond N + membrane (AmershamPharmacia). DNA probes for hybridization were labelled with [a-
32 P]-dCTP using Rediprime system II (Amersham Biosciences). Membranes were hybridized with Na 2 HPO 4 buffer at 65 8C overnight and washed twice at 65 8C with 23 SSC, 0.1% SDS for 20 min and then once at 65 8C with 0.23 SSC, 0.1% SDS for 10-15 min.
Southern analysis
Genomic DNA was extracted according to Doyle and Doyle (1990) . The digested DNA was resolved by electrophoresis on an agarose gel (0.8%) and blotted onto a Hybond N + membrane. Probe labelling and hybridizations were carried out as for northern blot analysis.
Antibody production
Antibodies against At-74 were synthesized by immunizing rabbits with the At-74 recombinant protein (At-74-His) overexpressed in Escherichia coli. The full sequence of the At-74 cDNA was amplified by PCR with primers 59-AGTCCGGACAATAAACTGCTTCCG-39 and 59-CGCGGATCCGAGCAGCATTGTCCATTGTATAAC-39. The PCR product was digested with BamHI and cloned into the expression vector pET21d(+) (Novagen) in the BamHI and NcoI (blunt-ended by T4 DNA polymerase) restriction sites in the frame of a 6 histidine tag at the C terminus. At-74-His was overexpressed in E. coli BL21-codonPlus-(DE3)-RP (Stratagene). The fusion protein was partially purified on a Ni 2+ column according to Novagen instructions and a modified protocol (Rogl et al., 1998) . Purified proteins were separated by 10% SDS-PAGE and the main band of polyacrylamide containing At-74-His was excised and used for immunization of the rabbits. Preimmuned sera were tested and no immunoreactive signal was detected.
SDS-PAGE and western blot analysis
Protein extraction and western blots were carried out as described by Sun et al. (2001) . After incubation with primary antibody (dilution at 1/2500), protein blots were probed with either goat antirabbit IgG horse peroxidase (Sigma) or antirabbit horse alkaline phosphatase (dilution at 1/25 000). Immune complexes were detected with BCIP and NBT (Sigma) or by the enhanced chemiluminescence system (NEN).
RT-PCR analysis
RT-PCR analyses were performed on 1-3 lg of total plant RNA according to the manufacturer's instructions (Gibco-BRL). For experiments with Arabidopsis organs, total RNA was treated with DNase I before reverse transcription. Reverse transcription was performed in a final volume of 20 ll with Oligo(dT)12-18 for analysis using the actin gene as the control or random hexamers for analysis using the 18S rRNA gene as control. Two ll of singlestranded cDNA was used for each PCR (94 8C for 2 min: 1 cycle of 94 8C for 30 s, 55 8C for 1 min, 72 8C for 1 min: 15 cycles to analyse the expression of the actin gene, 18 cycles to analyse the expression of the 18S rRNA gene and 20 cycles to analyse the expression of At-74 ; 72 8C for 10 min:1 cycle). Amplifications were carried out with At-74, At-74H, Actin2, and 18S rRNA primers. Actin2 and 18S rRNA were used as loading controls. 18S rRNA was used because Actin2 is not constitutive in seeds (Sun et al., 2001) . At-74 primers: 59-CCAATCATCCATGAGTCCGGACAA-39 and 59-CAGCAGCATTGTCCATTGTATAACTC-39. At-74H primers: 59-GAGAGCCCTCATATCAACCCAAAG-39 and 59-ACACGA-CACCCATCAACACGATC-39. Actin2 primers: 59-GTGCCAATC-TACGAGGGTTTCT-39 and 59-CAATGGGACTAAAACGCAA-AAC-39. 18S RNA primers: 59-CTGTCGGCAAGGTGTGAACTC-39 and 59-GTATGGTCGCAAGGCTGAAAC-39. PCR products (20 ll) were loaded on 1% agarose gels and blotted onto Hybond N + membranes (Amersham-Pharmacia). Hybridizations were carried out as described in RNA blot analyses. Signals quantification was performed using a phosphoimager (Storm, Molecular Dynamics) and the program Image Quant (Molecular Dynamics).
Protein extraction
Three week-old transgenic and wild-type seedlings grown in vitro were used for protein extractions. Seedlings were frozen in liquid nitrogen and stored at ÿ80 8C until extraction. The frozen tissue was weighed and extracted in a 2:1 ratio with ice-cold extraction buffer A (100 mM HEPES-KOH pH 7.5, 10% glycerol, 5 mM DTT, and 0.5 mM Perfabloc inhibitors cocktail). After vortexing, the homogenate was centrifuged at 8 000 rpm (Sorvall RC Plus, SLA-600TC rotor) for 25 min at 4 8C. The supernatant was removed and centrifuged at 13 000 rpm for 15 min at 4 8C. The clear supernatant was rapidly frozen in liquid nitrogen and stored at ÿ80 8C. Proteins were desalted on a Sephadex G-25 column (PD-10, Amersham-Pharmacia) equilibrated with buffer B (100 mM HEPES-KOH pH 7.5, 10% glycerol, and 5 mM DTT) and eluted with the same buffer. Aliquots of eluates containing proteins were rapidly frozen in liquid nitrogen and stored at ÿ80 8C for protein determination and enzyme activities.
Proteins were extracted from BL21-codonPlus-(DE3)-RP bacteria (Stratagene) transformed with the pET21(d) vector or the recombinant pET21(d) expressing At-74 and BL21-(DE3) cells (Stratagene) containing either pGEX plasmid (Amersham Biosciences), or the recombinant pGEX vector expressing a rat liver F2,6P 2 ase (gift from Dr Nicholas J Kruger, Oxford University, UK). Bacteria cultures were induced at OD O.6 with 1 mM IPTG (final concentration) at 37 8C for 3 h and centrifuged at 4000 g for 10 min at 4 8C. The pellet was washed in buffer C (100 mM HEPES-KOH pH 7.5, 10% glycerol, and 1 mM DTT) and centrifuged as before. The pellet was frozen in liquid nitrogen and stored at ÿ80 8C. For protein extraction, frozen cells were washed in buffer A and centrifuged at 4000 g for 10 min at 4 8C. The pellet was resuspended in the same buffer with 1 mg ml ÿ1 of lysozyme. The homogenate was kept on ice for 30 min and then submitted to three freeze-thaw cycles with dry-ice and ethanol. The extract was treated for 1 h with DNase I (0.1 mg ml ÿ1 ) before centrifugation at 13 000 g for 15 min at 4 8C. Soluble proteins were desalted as previously. Aliquots were frozen in liquid nitrogen and stored at ÿ80 8C for protein determination and F2,6Pase activity measurement. Protein concentration was determined according to Bradford (1976) with serum bovine albumin used as a standard.
Enzymatic assays
PGMase assays were performed at room temperature (Botha and Dennis, 1986b) . i-PGMase activities were measured with 100 ll of desalted protein in a 1 ml final volume (100 mM TRIS/HCl pH 7.5, 10 mM MgCl 2 , 0.250 mM NADH, 2,5 mM ADP, 5 U ml ÿ1 pyruvate kinase, 6 U ml ÿ1 lactate dehydrogenase, and 1 U ml ÿ1 enolase). The reaction was initiated by the addition of 60 ll of 80 mM 3PGA. Absorbance at 340 nm was measured over time with a spectrophotometer (PerkinElmer). d-PGMase assays were performed in the same conditions but in the presence of cofactor 2,3-bisphosphoglycerate (2,3BPGA 0.20 mM).
F2,6Pase activity was measured by the disappearance of F2,6P 2 monitored by a PFPase bioassay (pyrophosphate-dependent phosphofructokinase) (Stitt, 1990b) Fifteen ll of desalted protein were assayed at room temperature in a final volume of 140 ll (50 mM TRIS/HCl pH 7.8, 5 mM MgCl 2 , 1 mM EGTA, and 1 mM EDTA) by adding 21 pmol F2,6P 2 . Immediately, and at certain time points thereafter, 20 ll aliquots were removed and alkalinized (to stop the reaction) in 30 ll KOH (0.25 N). The amount of F2,6P 2 in these aliquots was quantified through the stimulation of PFPase in a final volume of 200 ll (150 mM TRIS/HCl pH 7.8, 3 mM MgCl 2 , 3 mM F6P acidified, 300 mM NADH, 0.4 mM PPi, 1 mU PFPase potato, 0.1 U aldolase, 0.8 U glycerol-3phosphate-dehydrogenase, and 2.3 U triose phosphate isomerase). The decrease of extinction was measured at 340 nm in a plate reader (PowervaveX, Biotek Instruments) over 30 min. The amount of F2,6P 2 was estimated by reference to a standard curve based on the activation of PFPase activity against F2,6P 2 concentration (prepared in reactions similar to the time zero aliquot but spiked with 0-2 pmol F2,6P 2 assay ÿ1 ). Phosphatase assays were conducted (Basha, 1983) in a 1 ml vol. (100 mM sodium acetate pH 4.9, 50 mM p-nitrophenyl phosphate: PNPP). The reaction was initiated by the addition of 7 ll of desalted protein and terminated by the addition of 200 ll of 4 M NaOH. Release of p-nitrophenol was determined by measuring the absorption at 410 nm.
Incubation of leaves and roots with [U-14 C]-glucose
Transgenic and wild-type Arabidopsis seeds were germinated and grown in vitro for 3 weeks in square plates laid vertically (Mani et al., 2002) and containing MS gelrite medium without kanamycin. Shoots/leaves and roots were separately rinsed twice in sterile water and incubated at room temperature in 20 ml of fresh buffer I (25 mM K-MES pH 5,7, 1 mM CaCl 2 ). Before incubation, roots were blotted on paper to remove the gelrite and washed again in distilled water. After 10 min of incubation, leaves and roots were blotted on paper and divided into several samples which were weighed (100-140 mg per sample). Leaf and root samples were incubated separately in the dark at 28-30 8C with gentle shaking in sealed 250 ml Erlenmeyer flasks containing 1.5 ml of buffer II (25 mM K-MES pH 5.7, 250 mM mannitol, 5 mM glucose, 2 lCi ml ÿ1 [U-14 C]-glucose). The 14 CO 2 produced was collected in 0.5 ml of 12% (w/v) KOH contained in a central well inside each flask. After 4 h of incubation, samples were rinsed separately, once with icecold distilled water and twice in 20 ml of ice-cold 1 mM CaCl 2 for 15-20 min. Leaves and roots were blotted on paper and incubated for 24 h at 65 8C in 1.5 ml tubes containing 1 ml of 70% ethanol (v/v) and 30 mM TRIS pH 7. After incubation samples were stored at 4 8C before fractionation.
Total
14 C uptake occurring in young leaves and roots
Leaf and root samples were centrifuged at 10 000 g for 10 min at room temperature. Each supernatant was processed through a 1 ml cation exchange LC-WCX column (SUPELCO) coupled to a 1 ml anion exchange LC-SAX column (SUPELCO). Soluble sugars were eluted through these columns with 5 ml of 30% ethanol. Amino acids contained in the LC-WCX column were eluted with 5 ml of 30% ethanol, 4 M ammonia and organic acids contained in the LC-SAX column extracted with 5 ml of 30% ethanol, 2 M formic acid. Pellets corresponding to the insoluble matter were considered to be the starch fraction. They were washed twice with 10 ml of sterile water to eliminate unincorporated label, centrifuged at 3000 rpm at room temperature (Hettisch universal/K2S) and filtered separately through a nylon disc. 14 C]-sugars were reduced completely in a vacuum centrifuge and resuspended in 500 ll of sterile water. Two hundred ll were centrifuged at 10 000 g and 20 ll separated on an Allosphere amino (NH 2 ) column (Alltech) witth 80% (v/v) acetonitrile (HPLC Shimadzu SCL-10AVP system). 14 C in glucose, fructose, and sucrose was determined by liquid scintillation spectroscopy (Radiomatic A-500 inline radio-chromatography detector). Peak elution times were obtained using standards of [ 
Results and discussion
At-74 and the d-PGMase superfamily
In silico analysis of At-74 highlighted a phosphohistidine motif: At-74 (Genbank code: 15229917; At3g05170) was isolated in a screen of an Arabidopsis cDNA library in Saccharomyces cerevisiae to identify genes involved in salt tolerance. However, the enhanced salt-tolerant phenotype initially observed could not be reproduced in yeast (data not shown). The 1280 bp At-74 cDNA insert contains a 922 bp open reading frame coding for an unknown protein with a calculated molecular weight of 37 kDa and no predicted peptide signal sequence. Blast searches using the At-74 sequence against the Arabidopsis genome revealed a closely related ORF (Genbank code: 15223983; At1g08940) that was named At-74H and that shares 64% sequence identity at the protein level with At-74. Analysis of the genomic sequences displays a similar gene structure between At-74 and At-74H. Both have a single intron of about 500 bp located at the same position, suggestive of a probable duplication event (Blanc et al., 2003) . Further database searches revealed three other possibly homologous proteins, one in Streptomyces coelicolor (Genbank code: 21224153; 41% sequence identity between the deduced amino acid sequences), the second in Saccharomyces cerevisiae (Genbank code: 6320256; ORF YDR051c; 37% sequence identity between the deduced amino acid sequences) and the third in Oryza sativa (Genbank code: 6069661; 27% sequence identity between the deduced amino acid sequences). These three proteins were also annotated as unknown. Much lower in the list of the Blast search hits, but with significant scores, were several proteins belonging to bifunctional 6PF2K/F2,6Pase and dPGMase families. The presence of the characteristic phosphohistidine motif [LIVM]-x-R-H-G-[EQ]-x(3)-N in At-74 and in the four presumed homologous proteins, provided some proof of a relationship between the At-74 protein and these two enzyme families, which belong to the d-PGMases superfamily.
Comparison of At-74 family sequences with members of the d-PGMase superfamily: The At-74 and its closest homologous sequences (15229917, 15223983, 6069661, 21224153, 6320256) , which form a group by themselves, were compared with representatives of the d-PGMase superfamily with known catalytic activities in an attempt to draw inferences about the likely catalytic activity of At-74 (Fig. 1) . Three of these representatives, Escherichia coli d-PGMase, rat F2,6Pase, and Bacillus stearothermophilus PhoE , are of known structure and a further two, E. coli a-ribazole-59-phosphate phosphatase (O'Toole et al., 1994) and Eimeria tenella mannitol-1-phosphatase (Liberator et al., 1998) are of unknown structure. The related families of phosphoprotein phosphatases (Rigden, 2003) were not included in the comparison since they contain a characteristic deletion that is not present in the At-74 family protein.
Successive structural determinations combined with sequence analysis have defined a catalytic core, so far common to all catalytically active members of the dPGMase superfamily, containing just four residues; His10, His183, Arg9, and Arg61 in the E. coli d-PGMase numbering (Fig. 1) . A fifth residue, Glu88, is common to all except the phosphoprotein (Rigden, 2003) . These five core residues are conserved in the At74 family (Fig. 1) . Outside this core, each family has its own set of conserved residues involved in substrate binding (Fig. 1) which are predictive of the specificity of each family. These are known from crystallographic studies for d-PGMase, F2,6Pase, and PhoE (Yuen et al., 1999; Bond et al., 2002; Rigden et al., 2002) . For the families of undetermined structure, inference even from analysis of sequence conservation is difficult since each family contains few members. Comparison of the At-74 family sequences with these key sets of specificitydetermining residues shows that they are most similar to those of PhoE, which has a strikingly hydrophobic binding site (Rigden et al., 2002) . All but one the hydrophobic positions involved in PhoE substrate binding is occupied by hydrophobic residues in the At-74 family. Nevertheless the exception (PhoE Trp203, in E. coli d-PGMase numbering, is a conserved Glu in the At-74 family) combined with some large differences in residue size, suggest that At-74 and PhoE substrate specificities are significantly different. These analyses support the deduction that the At-74 gene family is likely to encode proteins having a novel catalytic activity. Currently, Arabidopsis annotation has revealed An Arabidopsis cDNA encodes a homologue to the d-PGMase superfamily 1133 five novel proteins annotated as d-PGMase-like proteins (Mazarei et al., 2003) . Alignments of At-74 and At-74H protein sequences with these five newly-annotated sequences (Fig. 2) show four well-conserved residues common to the catalytically-active members of the large d-PGMase superfamily (Arg9, His10, His183, Glu203), except for two sequences (At5g04120, At3g50520). Phylogenetic analyses (Fig. 3) indicate that three (15237708, 15217922, 15227803) out of five d-PGMase-like proteins form a group which is distinctly related to the well-known members of the d-PGMase superfamily and to At-74 family members. Interestingly, the last two protein sequences (15237633, 15229783) could tend to be more related to the broadspecificity family of phosphatases even if a clear phosphohistidine motif is lacking.
Expression study of At-74 in Arabidopsis
Influence of glucose/sugar concentration on At-74 expression: To obtain information regarding the role of At-74 in Arabidopsis, its expression was analysed in various organs. Since the levels of expression were low (northern blot analysis; data not shown) RT-PCR analyses were performed with specific primers. Expression of At-74 in all organs was constitutive (Fig. 4A, B) and much higher than that of At-74H (data not shown).
Since d-PGMases and F2,6Pases, which are among the best-characterized At-74 related proteins, participate in or regulate glycolysis, a possible influence of high glucose concentration on the level of expression of At-74 was assessed. Thirteen-day-old Arabidopsis wild-type seedlings grown in vitro were incubated for different time points over 24 h in a liquid medium containing 6% (m/v) glucose. RT-PCR analyses carried out on full seedlings indicated that At-74 was rapidly induced by a high glucose concentration (Fig. 5A, B) . The expression of At-74 was highest after 4 h treatment and slightly decreased over the next 20 h. Antibodies were raised against recombinant At-74 protein.
Western analyses performed with these antibodies confirmed the low level of expression in control conditions and the enhancement of At-74 protein level in the presence of high glucose concentration (Fig. 5C ) (confirmed at different developmental stages, data not shown). These first results suggest that At-74 protein may effectively be involved in plant carbohydrate metabolism. Overexpression of At-74 in A. thaliana: The presence in the At-74 sequence of a phosphohistidine motif and the conserved catalytic core currently believed to be essential for the activity of d-PGMase superfamily members suggested that At-74 encodes a catalytically-active protein, rather than a non-enzyme homologue (Todd et al., 2002) . Among the closely-related proteins, a deletion mutant was only available for ORF YDRO51c of S. cerevisiae. However, this mutant had no particular phenotype, grew on classical yeast medium and its transformation with At-74 cDNA produced no difference in growth rate (data not shown). Thus, At-74 was overexpressed in Arabidopsis under the control of the CaMV 35S promoter in order to obtain further insight into its function. Twenty-one transgenic T 2 lines were screened by northern blot analysis (Fig. 6A) and eight clearly overproduced At-74 (At-74OE). To maximize stability of expression in the next generations, homozygous lines showing one copy of the transgene were selected by segregation analysis on kanamycin (data not shown) and Southern analysis (Fig. 6B) . Three independent At-74OE lines: nos 9, 12, and 17 were used in subsequent experiments. Western analyses with antibodies raised against recombinant At-74 confirmed the overproduction of the At-74 protein in tested At-74OE plants (Fig. 6C) . The possible influence of At-74 overexpression in plant sugar metabolism was investigated by germinating At-74OE lines on different concentrations of glucose, fructose, and sucrose. At-74OE lines were affected neither in growth nor in phenotypic appearance, although a slight sugar-sensitive phenotype was sometimes observed compared with control plants (data not shown). This phenotype was only observed in the presence of high glucose concentrations (5-6%) and was never observed with fructose or sucrose. No particular phenotype appeared with sugar analogues and nonmetabolizable osmotica (polyethylene glycol, sorbitol, mannitol) indicating that At-74 is probably not involved in sugar sensing and abiotic stress. Enzymatic activities: PGMase and F2,6Pase enzyme activities were measured in At-74OE lines. Assays were performed in pH condition favourable to the measurement of d-PGMase activity, but no increase of cofactor-dependent PGMase was observed compared with the wild-type plants. The same result was observed after measuring iPGMase activity (Table 1 A) . This result is compatible with (Rodicio and Heinisch, 1998; Fraser et al., 1999) deletion mutant of S. cerevisiae with the At-74 cDNA (data not shown).
F2,6Pase enzyme assays were also performed on the same transgenic lines and similar activity was also observed between At-74OE lines and the control plants (Table 1 B) . To confirm that At-74 showed no F2,6Pase activity, enzymatic activities were also performed in E. coli, which is naturally devoid of F2,6Pase. At-74 and the cDNA of a functional rat F2,6Pase (gift from Dr Kruger, Oxford) were cloned in pET and pGEX bacterial expression vectors, respectively, and these recombinant vectors were then transformed into E.coli. Substantial activity was observed in extracts of induced bacteria containing the functional rat F2,6Pase, but none was detected in extracts overexpressing At-74 or the pET and pGEX control vectors (Table 1 B) .
Acid phosphatase activity was also measured to determine whether At-74 was a phosphatase similar to PhoE. Assays were performed on plant extracts. p-nitrophenyl phosphate (PNPP) was used in the reaction as a broad substrate (Basha, 1983; Rigden et al., 2001) . No difference in total phosphatase acid activity was observed between transgenic and control plants. Acid phosphatase assays in polyacrylamide gels of separated total crude protein extracts also gave similar results (data not shown). This confirms that At-74 is not a PhoE like phosphatase (Table 1 C) .
Taken together, these results are in agreement with the in silico sequence analysis which groups At-74 with neither d-PGMases and F2,6Pases nor with phosphatase with a broad phosphatase specificity. 14 C incorporation into sugars, CO 2 , starch, organic acids, and amino acids was estimated separately in leaves and roots (Table 2 ). It is clear that the leaves of the two transgenic lines 9 and 12 have taken up much less 14 Cglucose (difference >23%) than the WT and the transgenic line 17. Uptake of label by the roots was the same between the control and transgenic lines. In order to compare partitioning in the lines, despite the difference in uptake, the labelling data were compared on a percentage distribution basis. In the leaves most of the label (>60%) was present in the sugar pool in contrast to the roots in which much less label was present (<40%). To investigate whether this difference is primarily due to the inability of the photosynthetic tissue to mobilize glucose, once taken up, total sugars were fractionated to determine the label in the three main sugars: glucose, fructose, and sucrose. The partitioning indicated that the label portion of soluble sugars was significantly greater in leaves than in roots, as had already been observed in the label portion of total sugars. It also appeared that the ability to mobilize glucose was higher in the root tissue, where about 12-17% of the label remains in the glucose pool compared with leaves (Table 2) . However, in leaves, both transgenic lines 9 and 12 were significantly more efficient in the mobilization of glucose than the WT (P <0.05). In root tissue the portion of labelled sucrose was higher (>25-30%) than in leaves except for lines 9 and 12 in which a larger portion of the label was found in the sucrose pool (>60%). The presence of labelled fructose in leaves and, to a lesser extent in roots, indicated that the sucrose was broken down in these tissues. In transgenic line 9 it is clear that the return of label from sucrose to fructose (P <0.05) was lowest compared with the wild type, probably accounting at least in part for the consistently larger partitioning to sucrose in this line.
Concerning non-soluble sugar metabolites, overall mobilization of the radiolabel was between 80% and 88% in the leaf tissue and about 94-96% in the roots (Table 2 ). In leaves, between 21% and 24% of the mobilized label was respired to carbon dioxide. In the roots, complete oxidation was slightly higher, reaching 31-33%. Almost double the amount of label was partitioned to starch (25%) in the root tissue compared with the leaves (11-12%). No obvious differences were observed in partitioning to respiration, or the organic and amino acid fractions between the transgenic and control lines in leaves or in roots. As observed in other studies the percentage of 14 C incorporation into amino acids was marginal (Schneider et al., 2002) .
Taken together these data indicate that two At-740E lines on three tested present a significant increase of glucose uptake and mobilization in leaves compared with the wild type which indicates that At-74 could encode a functional protein in A. thaliana involved in carbohydrate metabolism.
Summary
In conclusion, sequence and phylogenetic analysis of the At-74 family suggest that it contains catalytically-active proteins possessing a novel substrate specificity in the dPGMase superfamily. Experimental data do not allow the determination of the exact function of At-74. No activities were observed for d-PGMase, F2,6Pase, and acid phosphatase. However, if no direct interpretation about the role of At-74 can be drawn from these results, expression and feeding experiments with glucose support a role of At-74 in sugar metabolism in plants. The presence of close At-74 homologues in different kingdoms suggests that At-74 acts in a broadly-distributed pathway. At-74 is not expected to be a regulatory enzyme, as these are usually more abundantly expressed and overexpression would have affected carbon partitioning. Often the effect of overproduction of a single enzyme is constrained by regulatory mechanisms, which limit the effect of the expected genetic alteration. For this reason it would be interesting to generate Arabidopsis plants in which At-74 activity has been totally eliminated. To this end, At-74 antisense plants are currently being characterized. In order to investigate further the role of At-74 and its homologues in plant metabolism, enzyme assays performed on purified enzyme with various substrates will be required.
